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Lightcurves of 20 Near-Earth asteroids (NEAs) obtained
at the Center for Solar System Studies (CS3) from 2021
January through March were analyzed for rotation period,
peak-to-peak amplitude, and signs of satellites or
tumbling.

CCD photometric observations of 20 near-Earth asteroids (NEAs)
were made at the Center for Solar System Studies (CS3) from 2021
January through March. Table I lists the telescopes and CCD
cameras that were combined to make observations.

Up to nine telescopes can be used for the campaign, although seven
is more common. All the cameras use CCD chips from the KAF
blue-enhanced family and so have essentially the same response.
The pixel scales ranged from 1.24-1.60 arcsec/pixel.

Cameras
FLI Microline 1001E
FLI Proline 1001E
SBIG STL-1001E

Telescopes
0.30-m /6.3 Schmidt-Cass
0.35-m /9.1 Schmidt-Cass
0.40-m £/10 Schmidt-Cass
0
0

.40-m £/10 Schmidt-Cass
.50-m f/8.1 Ritchey-Chrétien

Table I. List of available telescopes and CCD cameras at CS3. The
exact combination for each telescope/camera pair can vary due to
maintenance or specific needs.

All lightcurve observations were unfiltered since a clear filter can
cause a 0.1-0.3 mag loss. The exposure duration varied depending
on the asteroid’s brightness and sky motion. Guiding on a field star
sometimes resulted in a trailed image for the asteroid.

Measurements were made using MPO Canopus. The Comp Star
Selector utility in MPO Canopus found up to five comparison stars
of near solar-color for differential photometry. To reduce the
number of times and amounts of adjusting nightly zero points, we
use the ATLAS catalog r” (SR) magnitudes (Tonry et al., 2018).
Those adjustments are usually |[A] < 0.03 mag. The larger
corrections, which are rare, may have been related in part to using
unfiltered observations, poor centroiding of the reference stars, and
not correcting for second-order extinction. Another cause may be
selecting what appears to be a single star but is actually an
unresolved pair.

The Y-axis values are ATLAS SR “sky” (catalog) magnitudes. The
two values in the parentheses are the phase angle (a) and the value
of G used to normalize the data to the comparison stars used in the
earliest session. This, in effect, had all the observations made at a
single fixed date/time and phase angle, leaving any variations due
only to the asteroid’s rotation and/or albedo changes. The X-axis
shows rotational phase from —0.05 to 1.05. If the plot includes the
amplitude, e.g., “Amp: 0.65”, this is the amplitude of the Fourier
model curve and not necessarily the adopted amplitude for the
lightcurve.

“LCDB?” refers to Warner et al. (2009) from here on.

5879 Almeria. Warner (2017) found a period of 13.67 h based on a
noisy sparse data set from 2017. Our 2021 data set (1,500 data
points over 19 days) led to P=21.967 h. The period spectrum using
the 2021 data confirms an essentially zero chance for 13.7 h.
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(65717) 1993 BX3. Mottola et al. (1995) found a period of 20.463
h for this 200-m NEA. Pravec et al. (2020web) reported 20.294 h.
Our result is in good agreement with those earlier reports.
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During period analysis, we found using the default of G = 0.15
produced an ill-fitting lightcurve. Our data covered a sufficient
range of phase angles to find a new value of Gsg = 0.38. When this
value was used, almost no or very small zero-point adjustments
were required to produce a clean-fitting lightcurve. Assuming
V-SR = 0.22 (Warner and Stephens, 2021), gives H = 21.22. The
MPCORB catalog gives H =20.7.
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99942 Apophis. The tumbling state of Apophis was well-studied by
Pravec et al. (2014). They found the strongest lightcurve amplitude
was in the second harmonic of P; = (P¢~/ — Py~'y' = 30.56 h. The
true periods for precession and rotation are Pg= 27.38 h and
Py =263 h. Our data clearly show that the asteroid is tumbling and
that our result of the dominant period found by MPO Canopus
closely matches Pravec et al. (2014).
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(162186) 1999 OP3. With such a flat lightcurve, our result could be
the result of the Fourier analysis latching onto noise and so the
period of 8.36 h is highly questionable.
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(164201) 2004 EC. Galad and Kornos (2008) found a period of
6.642 h. The period spectrum based on our data shows a weak
solution near that result as well as several strong possibilities. We
adopted P = 3.909 h, which produced a bimodal lightcurve. With
such a low amplitude, a mono- or multimodal lightcurve is possible
as well (Harris et al., 2014). The asymmetry of the bimodal
lightcurve proved helpful in rejecting those other solutions.
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(206359) 2003 QM47. There were no previous results in the LCDB
for this 750-m NEA. Despite the noisy data, we were able to find a
reasonably reliable period of 45.8 h. We also tried other periods that
were nearly commensurate with an Earth day. The resulting
lightcurves were considered implausible.
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(216707) 2004 XP164. We observed this 950-m NEA for two
nights. The combined lightcurve, with a single period solution,
shows good overlap from the two nights in some places but
considerable difference in others. Given the size and dominant
period of 15.5 h, tumbling is possible, bordering on likely (Pravec

et al., 2005; 2014). However, also possible is that the shape of the
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lightcurve changed dramatically as the phase angle decreased from
21° to 9°. Splitting the data into individual nights shows a good fit
to a single period for the February data (15.483 h). The January data
set gave P = 15.52 h but wasn’t able to cover a full lightcurve.

Whether or not the asteroid is in a tumbling state cannot be
confirmed from our data set alone. Unfortunately, the next time
2004 XP164 is V < 18 is not until 2037 January, when it will be
V ~ 17.2 at a Declination of -6°.

T T T T T T T
17.351 (216707) 2004 XP164 a
17.40 Period: 15.517 £ 0.004 h Amp: 0.28 B
o 17451 3 Combined
S 17.50F e
O 17551 E
™~ 17.60 5 E
o~
&8 17.65- B
~17.70 - B
%
= 17.75
§ 17.80 - llﬂif z . @ 19353 - 02/05
= :;:: 15200211”5 % 19367 - 02106,
517.85 4 I\ur : 19321 . 01115 B 19368 - 02/06,
o | 1 ® 19369 - 02107
= 17.901 3 W-19328-0118 W 19376 - 02108
| I}ggﬁgm; ® 19393 - 02117,
17.951 i A 19394 -02117|
m 19352 - 02105 N Grasr
18.00- JDo(LTC) 2459229 799450
L Il L Il Il
0. 00 0. 10 0. 20 0. 30 0. 40 0. 50 0.60 0.70 0.80 0.90 1.00
T T T T T T T T T
17.30 (216707) 2004 XP164 Jan
Period: 15.52 £ 0.03 h Amp: 0.65
17.40

17.50

17.60

17.70

17.80

17.90 -

Magnitude(SR) (a: 21.7° G: 0.15)

18.00

18.10

T

JDo(LTC) 2459229 799450

Year: 2021

* 19321

+ 19341

¢ 19316 -
-01/15]
| 19326 -
+ 19333 -
-01/18|
—4th Order

01/15

01/16|
01/17|

17.30
17.35
—17.40
0
S 17.45
O 17.50
&
1755
8 17.60
@ 17.65
L
® 17.70
°
21775
[
S 17.80
=
17.85
17.90

000 010 020 030 040 050 060 070 080 090 100

JDo(LTC) 2459250 737138

Year:

® 19353

W 19368

m 19376
® 19393

m 19352 -
ll il * 19367 -
® 19369 -

A 19394 -
— 6th Order

2021

02/05|
- 02/05|
02/06
- 02/06
02/07
-02/08
-02/17
0217

i

i b

Feb

(216707) 2004 XP164 -|
Period: 15.483 + 0.007 h _|
Amp: 0.29 |

000 010 020 030 040 050 060 070 080 090 100

(332446) 2008 AF4. The shape of the lightcurve for this 350-m

NEA also changed dramatically over the range of our observations.
This is clearly shown when trying to plot the full data set to a single
period. The large phase angles probably allowed shadowing effects
to influence the lightcurve shape, being trimodal in the combined

and Jan 9-10 plots but almost quadrimodal for Jan 11.
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Splitting the data set into separate nights shows that the sidereal
period decreased as the phase angle decreased. This is usually
interpreted to mean that the asteroid rotation is prograde.

(380359) 2002 TN30. The estimated diameter for 2002 TN30 is
1 km. There were no previous entries in the LCDB. While the
lightcurve shape is asymmetrical, no other period produced a
plausible lightcurve.
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(438902) 2009 WF104. There were no previously reported rotation
periods in the LCDB. Using the default albedo of 0.2 and the
MPCORB H = 17.3 gives a diameter of 1.03 km. However, Mainzer
et al. (2019) using WISE data and H = 17.2 found D = 2.23 km.
This leads to a derived albedo of 0.047, which is notably darker than
the typical NEA with a taxonomic class in the S complex. Such
presumed interlopers are not unexpected.

The raw plot of the data shows seemingly good evidence that the
asteroid is tumbling. This highly likely based on the derived period
and diameter (Pravec et al., 2005; 2014). MPO Canopus could find
only the dominant period, which is possibly the second-order
harmonic of the rotation and precession frequencies (see the
discussion for 99942 Apophis above).
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(415029) 2011 UL21. Warner (2018a) found an unreliable (U = 1)
period of 1.562 h in 2017. The amplitude at that time was very low.
However, observations six months later (Warner, 2018b) revealed
a lightcurve with 0.32 mag amplitude and reliable period of
2.732 h. The 2021 data also produced an unreliable solution because
of low amplitude. It’s worth noting that the 3.31 and 2.732 h periods
have a very close to 6:5 ratio.

=) Period Spectrum: (415029) 2011 UL21

g3

=

o

S WWW\MMW\W
s

G 2

%

E Period (hours)

3 4

5 6 7 8 9 10

T T T T T
(438902) 2009 WF104 Raw
16.75- B
16.80 —
16.85 - —
T 16901
© 16951 E
(L)
o 17.00- -
o
o 17.05- i
o~
B ATA0fF ]
= 1715 B
@ 17.201 1
7]
TAT.25 Year: 2021 © 19297 011 & 19321-01M15 .
£ 47300 © 192520106 X% 19303-0112 + 193330116 i
5 e +19261.01/08 © 19305.0112 I 19334 -0116
S 17.35| v 192670109 ¥ 193070113 % 19335 - 0117 |
= + 19276-01/09 W 19310-01/14 B 19336- 01117
17.40- © 19281.01/10 o 19313-01M4 # 19337-0118 i
m 192880110 ¥ 19315-0115 4 193380118
JDo(LTC): 2459220.0 | ‘ ‘
; \
2.00 4.00 6.00 8.00 12.00
17
i6 (438902) 2009 WF104
§ 15
£ 14
« 13
]
S 12
X1
‘é 10
T 9
g 8
r 7
6
5
4 Period (hours)

Minor Planet Bulletin 48 (2021)

50 100

200 250 300350




298

T T T T T T T T T
1675 (438902) 2009 WF104 .
16.80 Period: 175 + 20 h Amp: 0.49 T
_16.85 4
wn
v 16.90 o 15.00
= —_—
¢ 16.951 1 2 15.10[-
& 17.00} | s
& 17.05} | & 15.201-
E 1710t . < 15.301
o 17151 4 &
(2 —15.40-
o 17.20} 4 —
T [
2 17.25+ - ® 15.50 -
£ 5
2 17.301 4 S 15.60]-
= 47.35[ . £
E g 15.70|
17.401 Year: 2021  © 19297-0111 ® 19321-01/15 1 =
© 19252-01/06 X 19303-0112 <+ 19333-01/16
+ 19261-01/08 & 19305-0112 H 19334-01/16 15.80 -
¥ 19267-01/09 ¥ 19307-0113 ¥ 19335-0117
« 19276-01/09 W 19310-01/14 M 19336 -01/17
® 19281-01/10 ® 19313-01/14 e 19337 -01/18
m 19288-01/10 ¥ 19315-01/15 A 19338-01/18
JDo(LTC) 2459220 707215 ‘

000 010 020 030 040 0.50 060 070 080 090 100

A follow-up campaign involving several observers is unlikely: the
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2003 YM1. The estimated diameter for 2003 YMI is 750 m. There
were no previously reported periods in the LCDB.
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2003 AF23. There were no previous entries in the LCDB for this
180-m asteroid. It’s size and the dominant period near 20 h make
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this a likely tumbling asteroid candidate (Pravec et al., 2014; 2005).
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The “NoSub” plot shows that a single period solution was not going
to be possible. We tried the dual-period search in MPO Canopus
despite it not being able to handle tumbling asteroids properly. This
led to a dominant period of 20.1 h but even so, the fit of the data to
the model curve is marginal. The lightcurve for the second period
of'13.01 h seems physically improbable, leaving it and the dominant
period to be harmonics of the true periods of precession and
rotation, or some unexplained systematic problem.

2004 QD3. Despite the noisy data set we were able to find a secure
aresult of 13.58 h for this 400-m NEA. The observations covered a
sufficient range of phase angles to allow finding the H-G
parameters.

T T T
17.201- 2004 QD3 7
17.25+ Period: 13.58 £ 0.01 h =
17.30 Amp: 0.23 i
S
< 17.35[ B
(=]
& 1740 1
N 17451 B
(=3
© 1750 i
5
TAT55F 1
['4
® 17.60 B
(%]
T A7.651 B
= Year: 2021 + 19413-0219 + 19437-02/22 m 19464 -02/25
£ 17.70}+ +# 19388-02/17 + 19420-02/20 M 19438-02/22 & 19465-02/25 -
g’ % 19391-0217 W 19422-02/20 3 19439-02/22 m 19472 -03/02
= 17.75} A 19394-02/17 W 19424-02/20 M 19446-02/23 & 19473 -03/02 -

% 19399-0218 I 19430-0221 X 19447 -02123  y 19479 - 03/03
¥ 19403-02/18 W 19432-02/21 W 19448-0223 @ 19480 - 03/03
A 19410-02119 4 19434-02121 ¥ 19463 -02/25 —ath Order
JDo(LTC) 2459262 845418

|

000 010 020 030 040 0.50 060 070 080 090 100

299

® Pre-opp
® Post.opp

192 2004 QD3
19.4] Hsr: 19.17 £0.12 G: 0.11 £ 0.06

218 Phase Angle

2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64

Assuming V-SR = 0.22 (Warner and Stephens, 2021) gives
H=19.39. This is very close to the MPCORB H = 19.4.

The value for G is on the lower end of those allowed for S-type
asteroids. However, it’s also well within the range of those for
C-type asteroids (Warner et al, 2009). Barring spectroscopic or
multi-color observations, the taxonomic class is uncertain. Since the
average albedos for the two classes differ by 0.16, the actual
diameter could range from 400 m (type S) to 700 m (type C) when
using H=19.4.

2008 BC22. The noisy and sparse data set for 2008 BC22, with an
estimated diameter of 400 m, could produce only a marginally
useful solution. Given the low phase angle and almost 0.3 mag

amplitude, we opted for a bimodal lightcurve solution (Harris et al.,
2014).
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2015 AS45. Several Earth-day commensurate solutions were in the
period spectrum. The lightcurve at 47.9 h is bimodal but a
monomodal solution at 24 h is also possible. In that case, the
amplitude would be significantly larger. The half-period (near 12 h)
lightcurve was too shallow compared to the slopes of the raw data
from individual nights.
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2018 PP10. Noise and low amplitude contributed to finding an
uncertain solution of 6.91 h. The period spectrum showed some
other, harmonically related, periods but we chose the period that
gave the most probable lightcurve.
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2020 WM3. There were no rotation periods found in the LCDB for
the 500-m 2020 WM3. This is another asteroid with a period nearly
commensurate with an Earth day. The slopes of the Fourier curve
at 11.60 h were similar to those for the data on individual nights.
However, the half-period at 5.8 h with a monomodal lightcurve
cannot be formally excluded.
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2020 YQ3. We observed 2020 YQ3 in 2021 from early to mid-
January. The “NoSub” plot at a single period indicated that the
asteroid was likely in a tumbling state.
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Even though MPO Canopus cannot properly handle tumbling
asteroids, we tried the dual-period search feature since it seemed
that there a was a strong dominant period in the data.
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Our analysis led to P; = 11.148 h and P> = 18.93 h. Both produced
good fits of the data to the Fourier curve. However, because of the
limitations of the software, we forwarded our data to Petr Pravec,
who incorporated our data with his obtained into mid-February. The
combination of data from different longitudes and the proper
software allowed him to find P; = 14.752 h and P> = 11.080 h
(Pravec et al., 2021web), the latter being close to one of our periods.

Even his results should not be taken to be the definitive periods of
precession and rotation. Their frequencies may be integral multiples
of the ones derived here.
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2021 DXI1. Our data set led to a period of 1.189 h. However, there
were signs of tumbling seen despite the noise.
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We sent our data to Petr Pravec (private communications) who
confirmed that the asteroid was tumbling and that one probable
period was 1.19 h. He was observing the asteroid at that time and
hoped to find a more definitive result after analysis of his data.
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Number Name 2021 mm/dd Phase Lpag Bpas Period(h) P.E. Amp A.E.
5879 Almeria 02/05-02/24 *33.7,30.0 164 8 21.967 0.003 0.17 0.02
65717 1993 BX3 02/22-03/05 13.5,4.0 160 -5 20.33 0.01 0.88 0.03
99942 Apophis 03/18-03/31 42.9,60.7 153 -8 30.62 0.01 1.06 0.05
162186 1999 OP3 01/12-01/15 11.6,9.9 128 6 8.36 0.03 0.04 0.01
164201 2004 EC 02/25-03/03 55.5,47.1 198 38 3.909 0.003 0.09 0.02
206359 2003 QM47 02/18-03/10 10.5,26.4 142 2 45.8 0.1 0.60 0.05
216707 2004 XP1l64 01/15-02/17 *20.9,13.9 138 5 15.517 0.004 0.37 0.06

01/15-01/18 20.9,19.1 137 0 15.52 0.03 0.38 0.04

02/05-02/17 8.7,13.9 139 0 15.483 0.007 0.32 0.03

332446 2008 AF4 01/09-01/11 65.5,49.8 139 7 3.0472 0.0006 0.14 0.02
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01/10 56.7 140 6 3.041 0.005 0.14 0.01

01/11 49.8 136 8 3.072 0.006 0.14 0.01

380359 2002 TN30 03/06-03/14 25.3,23.6 160 23 13.44 0.02 0.31 0.03
415029 2011 UL21 01/16-01/18 33.2,35.7 82 -5 3.31 0.01 0.05 0.02
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2003 yYM1 01/15-01/18 12.9,12.2 126 -6 3.563 0.002 0.30 0.03
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13.01 0.01 0.34 0.10
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Pravec et al. (2021lweb) 11.080 0.002

2021 DX1 03/05-03/07 22.7,20.2 177 2 71.1890 0.0002 0.64 0.10

Table Ill. Observing circumstances and analysis results. T Tumbling asteroid. The phase angle (o) is given at the start and end of each date
range. If there is an asterisk before the first phase value, the phase angle reached a maximum or minimum during the period. Lpag and Beag

are, respectively the average phase angle bisector longitude and latitude (see Harris et al.,1984).
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